Introduction

37
Plant nutrients such as nitrogen (N) and phosphorus (P), which are discharged with wastewater 38 from urban areas, end up concentrated in sewage sludge when the wastewater is treated in a incorporating it into the soil, 2) the introduction of heavy metals onto agricultural land and 3) the 50 avoided production of conventional mineral fertiliser due to its substitution by sewage sludge. been specifically developed for the use of sewage sludge on land (Schmid et al., 2000 (Schmid et al., , 2001 .
61
With respect to N leaching, sewage sludge behaves differently from the mineral fertiliser it 62 substitutes since a sizeable part of the N in sewage sludge is organically bound and becomes available 63 to plants continuously as it mineralises. However, mineralisation continues even when plants do not 64 actively take up N for growth, leading to a higher loss of N to ground and surface water (Basso and 94 The goal of this study was to assess the environmental profile of five sewage sludge treatment 95 options when including technology-specific, long-term emissions after land application. The study was 96 conducted for the purposes of research and the evaluation of the results was limited to a discussion of 97 the fate of C, N and P and the major sludge treatment stages contributing to a selection of impact 98 categories, with a reflection on the influence of local conditions on the impact potentials.
Goal and scope definition
99
The functional unit considered in this study was the treatment and disposal of 1000 kg of mixed 100 sludge, consisting of 46.32 % primary sludge, 53.02 % thickened secondary sludge and 0.67 % fat, oil 101 and grease. The mixed sludge that formed the starting point for this analysis is one of the outputs of the 102 wastewater treatment process. The composition of the sludge was based on a sample taken at the Avedøre municipal wastewater treatment plant (WWTP) serving 256,000 inhabitants in the Greater Copenhagen area, Denmark (Yoshida et al., 2015a) . 1000 kg of mixed sludge corresponds to the sludge M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT generated by 1.17 inhabitants in one year. A detailed description of the WWTP and the composition of 106 the generated mixed sewage sludge is available in the SI of this paper (section SI-1). The total solid 107 (TS) content of the mixed sludge was 3.4 % and the volatile solid (VS) content was 75.2 % of TS. In 108 this study, the C in sewage sludge was considered biogenic in origin.
109
An attributional LCA modelling approach was chosen since the primary goal was to evaluate 110 the influence of long-term emissions after land application of sludge and associated uncertainties, and 111 not to assess the potential impacts of introducing any changes into an existing system. The multi-112 functionality problem was addressed by using system expansion, including electricity and chemical 113 production for upstream processes and the production and use of substitutes (electricity, process heat 114 and mineral fertiliser) for downstream processes.
115
Five sludge treatment scenarios were considered:
116
• DMS -dewatering of mixed sludge followed by land application
117
• LIMS -lime addition to mechanically dewatered sludge followed by land application
118
• ADS -anaerobic digestion of mixed sludge followed directly by land application
119
• DADS -dewatering of anaerobically-digested sludge followed by land application
120
• INC -incineration of dewatered anaerobically-digested sludge and landfilling of ash.
121
These five sludge treatment scenarios were chosen because they are typical management 122 options for centralised European municipal wastewater treatment systems (Fytili and Zabaniotou, 2008).
123
It should be noted that DMS and LIMS are theoretical scenarios since all the sludge generated by the 124 WWTP analysed in this study was anaerobically digested.
125
The system boundaries of this study included all the processes taking place after the generation 126 of mixed sludge up to its final land application or disposal in a landfill, including all emissions to air, 127 water and soil (Fig. 1) . The time horizon of the assessment was set at 100 years for both the emission 128 inventory and the impact assessment. The geographical boundary of this study was Denmark and the 129 reference year was 2011, the year in which most of the operational data were collected. Site and time- , 2014) . In this study, EASETECH ver. 05.02.14 was used, while emissions embedded in the 137 production of electricity, treatment chemicals (lime, NaOH, FeCl 3 , and polymer coagulant) and mineral 138 fertiliser were taken from Ecoinvent 2.2 (SI-2).
139
Emission and operational data for mechanical dewatering, anaerobic digestion, biogas 140 utilisation and treatment of reject water were based on measurements from the Avedøre WWTP. For 141 dewatering, it was assumed that a decanter centrifuge was used for mixed sludge and for anaerobically- Sweden, and any loss of N during the lime addition process was assumed to be due to NH 3 145 volatilisation (SI-4). It was assumed that biogas generated from the anaerobic digestion process was 146 used to generate electricity and process heat to maintain the temperature of the reactor (SI-5). Biogas 
150
The dewatering process was assumed to divert 42 % of N and 28 % of P contained in the sludge 151 to the reject water. The reject water was sent back to the head of the WWTP, which is equipped to 152 remove biological N and chemically precipitate P through the addition of iron salts (SI-6). The P
153
removal efficiency in the WWTP was high, with more than 93 % of P in wastewater ending in the 154 sludge and 7 % in the treated wastewater (effluent from the plant). In this study, a static approach was 155 taken to model the treatment of reject water. In general, it was assumed that the pollutant removal 156 efficiency of the wastewater treatment processes was the same for the treatment of the reject water and 157 influent wastewater to the plant, and the treatment of the reject water was therefore not affected by the 158 choice of sludge treatment technology. As 28 % of P in the initial mixed sludge was diverted to the 159 reject water stream and it was assumed that 7 % of this was lost to the aquatic environment, 1.8 % of P 160 in the initial mixed sludge was lost during reject water treatment.
161
After land application, the fate of C, N and P was modelled. For metals, the assumption was remaining part of C applied to land was assumed to be converted to CO 2 and emitted into the air.
167
In 
191
The environmental aspects of the avoided use of mineral fertiliser due to application of sewage 192 sludge or digestate on land were modelled in two parts: i) avoided production of mineral fertiliser and found in SI-7. There is no cap on the amount of potassium (K) application to soil and sludge has a low 213 K content. Hence, a substitution rate of 100 % was applied to mineral K fertiliser.
214
In the INC scenario, the incinerator was equipped with a sludge dryer. In order to make the 215 sludge combustible, the solid content was increased to 35 % by using heat from the sludge incineration 
Life cycle impact assessment 222
Mid-point impacts for ten impact categories were assessed in this study. These were human adequately address the issue of P recovery. Instead, the total amount of P recovered from land 235 application is discussed along with the fate of C and N through the target systems. In relation to the fate of C, it was evident that anaerobic digestion of mixed sludge prior to land 253 application reduced the amount of C applied on agricultural land (Fig. 2a) . In these scenarios, a scenarios, 0.74 kg P was applied to agricultural land, while 2.0 % of total P input was emitted after land 300 application. In this study, P recovery from sludge incineration ash was not considered, although some 301 technologies do exist to extract and recover P from sludge ash (Donatello and Cheeseman, 2013).
302
There is concern about the future supply of P since in current practice a considerable amount of 303 P is wasted. As P is an essential and irreplaceable component for plants, animals and humans, use of P 304 in a more sustainable way is necessary (European Commission, 2013). In the four scenarios with land 305 application, P is recirculated, thus contributing to the sustainable use of P. USETox for Zn could vary by a factor of 3 to 8, depending on local conditions such as pH in soil. for the LIMS scenario due to large emissions of particulate matter from lime stabilisation.
372
Transportation and land application only contributed noticeably in the ADS scenario due to the M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
relatively large diesel combustion in these processes. For the scenarios with anaerobic digestion, SO 2
374
and NH 3 emissions from biogas utilisation were the main contributors to particulate matter formation.
375
The trend for climate change appeared to be different from the other impact categories, as all ecotoxicity and marine eutrophication) impacts than the scenarios including land application of sludge.
419
Land application was the main contributor for the toxicity potentials and for freshwater eutrophication 420 and marine eutrophication. However, these impact potentials were partly counterbalanced by the 421 substitution of mineral fertiliser. In the ADS scenario, no reject water was generated and thus impacts 422 from the dewatering and treatment of reject water were avoided. The LIMS scenario showed the 423 highest impact potentials for marine eutrophication, terrestrial eutrophication, particular matter 424 formation and terrestrial acidification due to emissions from lime stabilisation. potential.
438
The ranking of scenarios depended on the soil-precipitation combinations for marine 439 eutrophication, with the DADS scenario performing best for all soil types and precipitation regimes, Germany. The LIMS scenario performed worst in almost all cases, apart from a medium or high 443 precipitation regime on a coarse sandy soil. In these specific cases, the ADS scenario performed worst.
444
The ranking of scenarios was not affected by soil-precipitation combinations for climate change. The
445
DADS scenario always performed best, the ADS scenario always performed worst, and the DMS and 
Conclusions
454
The current LCA pointed at human toxicity non-carcinogenic and ecotoxicity as being the 
